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X-ray Photoelectron Spectroscopy (ws) was used 10 investigate the organic nitrogen forms present in fnsh Argonne 
premium coals. In addition to the anticipated presence of pyrrolic aod pyridinic nitrogen forms. a detailed analysis of 
the nitrogen (1s) line shape indicates the preseoce of quaternary typc nitrogen species. A trend of deueasing level of 
quaternary nitmgeo typc with increasing mal raok h observed 

1. InUoduaioo 

The ability to quantify heteroatom funaionalities in complex arbonaceow systems such as mal and 
petroleum midua can provide valuable insight into the organic mauomolrmlar struaure. Direu spccMScopic 
probes such as X-ray Photoelectron Speevosoo~ W S )  11.21 and X-ray Absorption Near Edge Struuure (XANES) 
spectmscopy (3-7 have proven 10 be viable nondesvuaive techniqua for organic sulfur speciation in non-volatile and 
solid carbonnceow materials. RaulW h m  these direct probes for Organic sulfur have k n  compared to raults based 
on pymlysi methods 181. XANES and XPS has heen used 10 study the thermal chemistry of sulfur in mal [2] and 
U~ese results provide insight into the transformations of organic sulfur chat ormr during p @ i s  baped analytical 
probes. These mulu also provided insight into some of the procasa, at work during coal metamorphism 191. 

A similar understanding of the chemistry of nimgen in coal has not yet emerged Progresr has k n  made 
with XPS [1&14] and XANES [lS] in the quantification of organic nitrogea forms. Development of both of these 
techniques is essential for a more complete udderstanding of chemical reauiviy of 
and produas is a m  a concern when dealing with coal. XPS has the advantage of Wig a probe the near surface 
(e.& first 50 Angmm) while XANES can derive its signal from the eotirc sample. 

~ a r r  trampon of reaetam, 

XPS methods bave bee0 widely used in the study of nitrogen forms io coaL Initial studies established tbat the 
energy position of the oitrogen (1s) s i p 1  was dose to that eXpeaed for pyrrolic nitrogen [ 141 11. It was possible 10 
further curve resolve the XPS nitrogea (1s) spectra of mal ioto hw peaks corresponding to pyrrolii and m d i n i c  
tvpa [l&l3]. In a more recent study of a series of eight UK maki covering the range of 8&% Wtgh arbon it was 
found that the XPS nitrogen (1s) spectra could be curve resolved into W major components. pymlic and m d i n i c  
1141. The XPS sensitivity for nitrogen in this study was esptimatcd at 0.1 atom 5% nimgen and the total nitrogen 
cootent of the coah ranged from about 0.8 to 2 0  atom 96 1141. In aoother reaat XPS study of nitrogen, pymlic and 
pyridinic were the major forms identified in mal and its d e M  products with oaly minor u n i d e n W  mmponcllts 
present in some sampla at higher binding energy 1131. Tbe tint XANES studia of mal and petroleum asphallena 
supports the position chat pyrrolic and pyriddc p u p s  are the most abundant nitrogeo fornu io these materials [is]. 
An error estimate based on the unnormalized XANES nitrogen haecion. is considered to be about 10% [lq. 

A detailed analysis of the XPS nitrogen (Is) line shape has heen used to quantify both the major and minor 
fonm of nitrogen present in fresh Argonne premium coala Changes io the ditributioo of nitrogen funaionalitia 
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due to pplysii  and h y d r o ~ i y s i b  bsve been uamined for Illinois #6 bituminous and Wyodak subbituminous mal. 
The relevance of these results toward understanding mal metamorphism will be discused 

XPS spectra were obtained with a Vacuum Generators (VG) Esu\ Lab system using MgK alpha non- 
monochromatic radiation and a either a singk or a five channel detection anangement. The five channel signal 
system pmvided a f i i  times greater XPS signal for the same X-ray exposure time. The mal and model mmpound 
samples were made into fine powders and mounted to a metallic sample b h k  by means of Sfotch double sided non- 
mndufting tape, An energy mrreclion was made to acmunt for sample charging based on the carbon (Is) peak at 
284.8 eV. All spmra were obtained at an analylcr pas energy of 20 eV and a constant analyzer transmission mode. 
Under these mnditions the full width at half maximum 
of Argonne premium Pocahontas mal. The carbon (1s) line shape of Pocahontas mal is dominated by signal from 
hydrocarbons hecause of the very lmv total heteroatom mntenL 

of 1.7 eV was obtained for the carbon (1s) spectrum 

The nitrogen (1s) signal w cum resolved using a mixed Gaussian-Lorentzian line shape and a FWHM of 
1.7 (ev). With these parameters it was possible to fit the nitrogen (1s) signal from pure model mmpounds, where 
nitrogenexists in a singk chemical environment,with a single peak having these charaaeristia. The nitrogen (1s) 
specua from coal were more m m p l a  These spectra were cum resolved using the same theoretical line shape using 
peaks at 393.1.400.2 and 4013 (%O.oS)(eV). These peaks mrrespond to the energy positions found for pyridinic, 
pyrrolic and quaternary type nitrogen functionalities respeclively 1131. The peak shape and peak energy positions 
were tixed and only the amplitudes of these peaks varied to obtain the best 61 to the experimental XPS data. 

Elemental data for the cnal samples were obtained from the Users Handbook for the Argonne Premium 
Sample Program [ 161. Other elemental analytical data were obtained from Galbraith Analytical Iaboratories, 
Knoxville, IN. Elemental data was also d e w  from XPS mQLpurements from the areas of the XPS peaks after 
mmetion for atomic sensitivity. The sensitivity factors were obtained from VG sensitivity tables and experimentally 
measured standards. The elemental macenuations are praented relativc to carbon. 

q?o@is experiments were done in a quartz lined reactor in helium at 1 aim. Tbe reactor temperature was 
raised to 4oo'C at approximately O.S'c/Sec and held for 5 mia Under these mnditions. little of the ultimate amount 
of hyd-rbons expsted from the volatile malm determination are relcpsed while much of the oxygen as 12%. H20 
and CO mhns 121. Hydropymlysii was accomplished in a dosed reaaor pmurized at room temperature to 70 aim. 
with a 95% hydrogen 5% helium mixture. The reactor temperature was raised to 427°C at a heating rate of 
0.05"GSec and held for 30 min. These eondilions favored the retention of mal hydrocarbon mmponents and 
hydrocarbon products in the hydmpyrolysis cham. 

'Ihe amount of nitrogen measured by XPS for the fresh mal samples was mmpared to bulk elemental data. 
The results are s h m  in Table I and there is acellent agreement for all mah except Illinois #6 and -ton mals. 
'Ibe generally good agreement indicates that there is no systematic enhancement or depletion of nitrogen a1 the mal 
surface. lllinois Y6 and Lewiston coals gave lower nitrogen values with XPS. The origin for the difference with bulk 
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value for these two mals is not ~t resolved The p- nature of the XPS resulu w demonstrated by numerous 
meaPuremen6 on frrsh mak of different panicle sitar Tbc XPS nitrogen values for Illinois #6 mal were consistent 
throughout lbermal and reductive treatment. previous XPS imRstigations of otber coal samplea gaw reasonable 
a p m t  burwecn XPS and bulk values for nitrogen [lCr14,17.18]. A lcDdcDey taonrd loarer XPS values was noted 
[11.13,14l and a possibk unoenainly in the XPS scnsitivily faaor for IIiUOgen was suggested Bp on p i b l e  cause lor 
the disuepancy. This is a inadequate explanation in the present case of Argo= premium mal% Nevertheless, XPS 
has good precision for nitrogen quantiiication and the results are sigmicant for identification of chemical changes in 
coal functionality. 

. 

The XPS nitrogen (1s) signals for the & a h  Argonne premium mal samples is shown in Figure 1. Included in 
Figure 1 are the results of the curve resolution analysis for nitrogen forms. In eaeb cby the individual peaks and the 
total simulated spectrum are shown with the actual spectrum. The antidpaled py?mlic (4022 ev) and pyTidinic 
(3987 ev) nitrogen forms were the most abundant species identified The fp)o forms muld almost mmpletely 
dcsnibe the nitrogen (Is) spectrum from a high rank coal such as Pocahontas. h-r, in all other cases it was 
neaspary IO include a peak for quaternary nitrogen ion (4013 ev). Notice the relalively good signal to noise (SM) 
chamcteristia of each speclrum and how well the sum of theoretical peaks fit the actual data. There are limited 
de- of M o m  in the curve rmlution methodology. described in the experimental d o n .  Data with good (S/N) 
pmvidc a p o d  t a t  for the cum resolution methodology. Additional samples of hcsh Argonne Premium mal were , 
prepared, the XPS nitrogen (Is) signal recorded and curve resolved using the same methodology the gave esentially 
&e same result namely, that it was neccwry to indudc in all cases a peak representative of quaternary nitrogen in 
addition to the ones representative of pyrrolic and 
nitrogen forms is (+) 3.0 mole 46. 

c species. The atimateQ experimental precision for 

The average numerical nsults of the cum resolution analysis are shown in Table 2 In all cases pyrrolic and 
pyidinicspeciecl are the dominant nitrogen forms in agrement with previous tindine for mal [lCLl4], There is a 
significant mnuibution of quaternary nitrogen signal especiaUy in the lower rank Argonnc premium coals The data 
from each individual curve resolution analysis for nitrogen forms wa!i plotted as a function of the weight 46 carbon in 
mal. Figure 2 s h m  these results. The solid and open poinu were obtained using a 6ve and a single channel 
detection Vtem rapcnively. Thew raulu show a distinct trend of decmsiing relalive amount of quaternary 
nitrogen with increasing coal rank for Argonne premium mals. A distinct trend for the relative level of pyrrolic 
nitrogen is not evident but there appcars to be a IeIIdenq for the relative level of ppidinic nitrogen to inuease with 
inmasing coal rank. 

The changes in the total level of organic IIitrogen and oxygen fOUOWing pymlysis and hydropplysis of Illinois 
#6 and wyodak coal were examined. The results of total nitrogen in the residual pymlysis and hydropymlysii chars 
~n shown in Table In along with the results for total organic oxygen based on XPS analysis For Illinois the level of 
organif oxygen drop nearly in half during hydmpymlysis. Lru organic oxygen is lost during pymlysh. There is only a 
sugbl inaeaSe in the relative level of total nitrogen after pymlysi and hydropymlysii For Wyodak mal the organic 
oxygen level d rop  in hallafter pymlysis and M one third of its initial value after hydropymlysii In mntrast the 
relative level of nitrogen remain close 10 the initial value The losr of organic oaygen &r mild pymlysis and 
hydmpyrolysii mnditioar employed here is likely a rault of lass of organic oxygen funaionalities as CO2, H20 and 
co [19,ZOl. The lau of nitrogen as small gaseous molecules (ic NH3, HCN, e a )  doea not occur at low temperature 
(T<45Ooc) [Zll  prior to the devolatilization of hydroearboas. since some carbon is lost with CO, and CO as well as 
through formation of small quantities of methane or other small hydroarbon gacua a slight inueasc in the level of 
nitropn relalive to carbon wuld  be qeued if nearly all of the initial nitrogen is relained in the pyrolysis and 
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hydropymlysii cham 

’Ihe fbanp  in the XPS nitmgen (1s) line shape Lolloaring mild pymlpii d hydmpyrolysii of lllinois #6 
and WyOdaL coal have been studkd Figure 3 s h m  the ’Ibe XPS nitrogen (1s) sign& fouowing hydropyrolysii 
lncludcd in Figure 3 are tbe mplu of the- moluIion malpia lor nivogcn formr hachcae UK individual 
pcaka and the total simulated spectrum is s h m  with the ad14 spearurn The anticipated v l i c  ( a 2  ev) and 
pyridinie (398.7 ev) nitrogen forms were the dominant speeicJ prcscnr The taro forms could desuibe the nitrogen 
(1s) s-m following hydropymly4s of Illinois #6 cosl boaRHI it was. still n a a t a y  to include a small peak at the 
position cxpeaed for the quaternary nitrogen specics 

The numerics1 results of the curve resolution analysis for nitrogen forms a h  pyrolysis and hydropyrolysis 
are show in Table N. There is a dcdine in the relative Iml of quaternary nitrogen for both mah after reaction. 
The decline is greater following hydropyrolysii There is a signiEcant in- in the relathe kvel of pyidinic 
nitrogen for both coals aRer hydropymlysis. 

Iv. Disannion 

Detailed analysis of the XPS nitrogen (1s) signal has been used 10 determine the relative level of nitrogen 
forms in fresh Argotme premium mal samples. In a p m e n t  with previous investigations of other cmls [1014] 
pyrrolic and pyridinic species i m c  the dominant nitrogen forms. In all rases it s188 to include a peak found 
at the position expeacd for quaternary nitrogen ion. The relative level quaternary nitrogen decreas*l with increasing 
coal rant It seam plausible that the quaternary nitrogen ion is assodated with oxygen and the observed functional 
trend is caused by the loss of organic oxygen functionalities during mal metamorphism. 

Quaternary nitrogen species havc been identified in the XPS nitrogen spearurn of derived prcducts of 
mal quaternarized with methyl icdide and examples shown where quaternary nitrogen is the m a t  abundant species 
[12,131. The pmettce of quaternary nitrogen forms in frrsh coni samples has no1 been reported before. I h e  
estimated arpcrimental precision in the present study Argotute premium eoal samples u estimated at (e) 3 mole 96. 
It is posslbk that quaternary nitrogen species in lower rank coals was. not measured in previous studies because the 
mnfidencc level in the cum resolution process was. subsmtially poorer on the order of (t) 10 mole. 46. 

The XPS analysis for nitrogen f o m  in pyrolysis and hydropyrolysis chars showed that the relative level of 
quatemary nitrogen declines fobwing reaction and is accompanied by a dedine in the relative level of organic 
oxygen. There is ample reason to believe that nearly aU of the nitrogen initiaUy present is retained in the coal chars 
after m i o n .  Tbe preferential retention of nitrogen [Z] mmpared to sulfur and oxypt  [2,19,20,Z] has been 
noted beforr. In the cape of hydropyrolysis chars the relative level of pyridinic nitrogen increases substantially. It is 
mncluded that the quaternary nitrogen species present in ULinois #6 and Wyodak coal are associated with oxygen and 
that the auociatiom are broken during reaction. Furthermore, it appears likely that the quaternary nitrogen species 
is transformed during reaction and is largely retained in the mal char as a pyridinic nitrogen form. The appearance of 
quaternary nitrogen in fresh lower rank coal and the panial retention of these forms after mild pyrolysis indicates that 
these reprew.01 a signifignt class of strong non-lent interactions present in the macmmolecular structure of coal. 

A detailed analysis of the XPS nitrogen (1s) line shape indicated the presenoc of quaternary type nitrogen 
species in addition to the anticipated pyrrolic and pyridinic forms. A trend of decreasing Iml of quateraary rype 
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nitrogen with i-ing coal rank is observed The quatenuuy nitrogen species is lost with the loss of oxygen 
huraionslitia during pyrolysis. Tbe ratio of pyridinic to pymulic nitrogen inucaua after pyrolysi Tbw 
observations suggest that the quaternary nitrogen spuies icl d u d  with mygea and Ihat thc assodation is broken 
as a result of thumal reaaiona F u n h e m o ~  it appears that thc quatunary niuogen is vaarfomcd and remains in 
thecoal chars a mdinic nimgen form. 

v. sltmmug 

Cum molution analysii of the XPS nitrogen (1s) spama of Argonne Premium eoel showed that pyrrolic 
and 
rankeoab and the vend is toMud decrea9ing Lml of this spedeswith inenasigooal rank. Moat nitrogen is retained 
in the nmaiaing coal after mild hydropyro@is. The relative amount of pyridinic nitrogen inucaua and while the 
level of quaternary nitrogen deereases after hydropyrolyJii of Wyodak and Illinois #6 coal 

nitrogen arc the most abundant forms. QUanrmary nivogen sped- am a signilkan1 fraction in lower ' 
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Table I 

Coal 

Beulah Zap 

llliaois #6 
Blind Canyon 
Pitlsburgh #I3 
Lewiston 
Upper Freeport 
Poahontas 

wyodak 

Coal 

Beulah Zap 
Wyodak 
Illinois #6 
Blind C a v a  
Pittsburgh Y8 
Lcwkton 
Upper Freepon 
Pocahontas 

NimgedCartmn Atom Ratio (xl00) 
Total Total 
XPS Bulk 

1.5 1.5 
13 1.4 
1.2 1.7 
1.6 1.7 
1.2 13 
1.0 1.7 
1.5 1.6 
1.2 13 

xps 
Pyidinic 

26 
25 
26 
31 
32 
31 
28 
33 

Mole Pcreent 
P y n O l i C  

58 
60 
62 
55 
61 
60 
6s 
64 

(f 3.0) 
OUaCetllaly 

16 
15 
12 
14 
7 
9 
7 
3 
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Tabk In 

XPS AtomRatio (xla0) 

m w  orsanie 
o*yeenK: NitmgenK: 

9.0 1.2 
6.1 1.3 
4.8 15 

16.9 13 
8.8 13 
5.6 1.4 

Tabk IV 

xps 
PyridiniC 

26 
30 
35 

25 
29 
35 

Mole Percent 
pyrrolic 

62 
64 
65 

60 
62 
65 

(i 3.0) 
Quaterasly 

12 
6 
0 

I 5  
9 
3 
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Figure 1. XPS Nitrogen (1s) Curve Resolution 
of Argonne Premium Coals 
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